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Research recently completed by Y. M. Ebadi (single addition 
"Mn" high strength, low alloy steel) and by M. R. Pereyra (triple 
addition "Mn, V, Cu" high strength, low alloy steel) have shown 
that some mechanical properties of structural steels are strongly 
influenced by changes of fabrication temperatures at the hot mill. 
The objective of this investigation is to determine if equivalent 
behavior is experienced in a double addition (Mn, Cb) high strength, 
low alloy steel designated by the Republic Steel Corporation as 
X-60 steel. Plate samples in an initial hot worked condition 
were hot rolled at several temperatures within the single phase 
austenitic field, at several temperatures within the critical range, 
and at several temperatures below the eutectoid temperature. Hot 
rolling was also performed at the above temperatures on plate samples 
that were initially cold worked. 
It was concluded from the calculated results that hot rolling 
(high temperature thermomechanical treatment - HTTMT) at 1550 F 
gave the optimum combination of mechanical properties of X-60 steel. 
Ductility, lower yield strength, the strain hardening exponent, and 
the Charpy transition temperature were all considerably improved 
when compared to X-60 steel in the regular mill condition. It was 
also concluded that preliminary thermomechanical treatment (PTMT) 
was not beneficial to yielding an optimum combination of mechanical 
properties. 
The fabrication temperature of 1550 F was most likely near 
the austenite-ferrite transformation temperature, and the resulting 
fine and equiaxed ferrite grain structure gave increased toughness and 
ductility. Fabrication at temperatures above 1^00 F resulted in 
property variations controlled by ferrite grain size, and the Hall-
Petch relationship seemed to be applicable. Fabrication below 





Within recent years, new classes of structural steels, which 
are designated as "high strength, low alloy steels" (HSLA), have been 
introduced. These steels differ from the usual plain carbon 
structural steels which contain only certain amounts of carbon, 
manganese, phosphorus, sulfer, and silicon. The HSLA structural 
steels contain small and economical alloy additions, such as 0.05 
w/o V or 0.05 w/o Cb, which greatly increase resistance to defor-
mation as measured by yield strength, flow stress, or ultimate 
strength. Even with these alloy additions, structural steels, which 
are used for beams, channels, plates, etc., will still maintain 
good ductility characteristics, low ductile-brittle transition 
temperatures, and good weldability. 
Structural steels, whether plain carbon or HSLA, are usually 
utilized in the condition resulting from "hot worked" fabrication 
(1700 to 2100 F). For such steels, the temperature range is well 
into the single phase austenitic region. Steels of a given com-
position, which are produced by a given combination of thermo-
mechanical processes, will then possess a given set of mechanical 
properties which will show little variation from heat to heat. The 
engineer therefore has available a "standard" set of properties for 
each structural steel. 
Thesis Objective v  
The objective of this thesis was to determine experimentally 
for HSLA steels a preferable fabrication temperature or range of 
temperatures which would yield an optimum combination of mechanical 
properties instead of the "standard" properties. The HSLA steel 
selected for this investigation was Republic Steel's X-60 double 
alloy addition steel which contains low level alloy additions of 
manganese and columbium. A single low alloy addition (Mn) steel 
(X-52) and a triple low alloy addition (Mn,V,Cu) steel (A-lj-Ul) 
have already been investigated in other related thesis work. 
To accomplish the objective of the research, an experimental 
fabrication program was made possible by the acknowledged personnel of 
the Republic Steel Research Center in Cleveland, Ohio. The X-60 
steel, which had two different initial conditions (mill and cold 
worked), was fabricated at several temperatures within the single 
phase austenitic region (above the A line), at temperatures within 
the two phase austenite-ferrite range (between the A, and A lines), 
and at several temperatures within the two phase ferrite-pearlite 
range (below the eutectoid temperature). The temperatures and 
rolling reductions used in the experimental fabrication program were 
specified on the basis of experience and theory. 
The properties that were considered were yield strength, 
ultimate tensile strength, uniform elongation, per cent reduction of 
area, per cent elongation, strain hardening exponent, strength 
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coefficient and ductile-brittle transition temperatures. The 
effects of fabrication variables on microstructures were investigated 
also. 
Thermomechanical Treatments of Steels 
General 
Hardening or strengthening of materials can be accomplished 
by the pertinent metallurgical mechanisms which are carried out 
either simultaneously with fabrication at the hot mill or immediately 
following hot mill fabrication. This type of treatment has received 
considerable research and development within recent years. Some 
of these thermomechanical treatment developments have been reduced to 
commercial practice and are now used in the steel industry in 
the United States, Great Britain, and the Soviet Union. 
High Temperature Thermomechanical Treatment (HTTMT). Work 
hardening may be accomplished simultaneously with recrystallization, 
even if the steel hot fabrication is done in the austenite single 
phase region. This is known as the high temperature thermomechanical 
treatment (HTTMT) process. The results of such work hardening 
treatment include increases in values of yield strength, ultimate 
tensile strength, ductility, and fatigue properties when such values 
are compared with properties obtained with more conventional heat 
treatments. The degree of change of properties depends on the 
specific alloy and on the variation of processing parameters. 
In his recent survey of thermomechanical treatments as 
accomplished in the Soviet Union, Koppenaal (l) has concluded that 
there is a formation of carbides during HTTMI when precipitation 
hardening steels are fabricated. The solid solubility of carbon 
in austenite is thought to be considerably reduced with simultaneous 
plastic deformation, resulting in carbide formation during HTTMT. 
The carbides will reenter solid solution as soon as the deformation is 
completed unless the steel is quenched. From an industrial viewpoint, 
HTTMT is important since the deformation is performed at temperatures 
compatible with existing fabrication facilities. In many cases, 
recrystallization cannot be completely avoided during HTTMT. Thus 
steels with slow recrystallization kinetics, such as tool steels, 
are considered to be (2) particularly applicable for HTTMT. 
An effective HTTMT has been described by Ivanova and 
Gordienko (3). Steel was heated well into the austenite region 
(1150-1200 C), cooled to a temperature slightly above the A line, 
and then given 25-30 per cent plastic deformation. After the 
thermomechanical treatment, the steel was immediately water quenched 
and tempered in the low temperature range from 100 to 200 C. Yield 
strength increases were of the order of 10 to 20 per cent as com-
pared with the same steels which were given the same thermal 
treatments without the accompanying plastic deformation. The 
plastic deformation was considered to be responsible for the develop-
ment of a very fine microstructure. When deformed at temperatures 
just above the A~ line instead of at higher temperatures, the rate 
of recrystallization of austenite is comparatively slow. Quenching 
was done to prevent recrystallization and to promote the martensite 
reaction with the applicable steels. 
Low Temperature Thermomechanical Treatment (LTTMT). This 
process designated as LTTMT is also referred to as "ausforming". 
Steels capable of forming martensite are used, and the process 
consists of deforming the steel while its temperature is between the 
recrystallization range and the martensite start MQ temperature. 
b 
The LTTMT process can give high increases in yield strength as well 
as increased ductility. High alloy steels are most suitable for 
LTTMT since there is a sufficiently wide metastable austenite bay in 
the time-temperature cooling diagram to allow time for fabrication to 
be accomplished. During the LTTMT process, a number of structural 
changes may take place. Since the deformation temperature is below 
the solution temperature for most of the carbides, deformation will 
be performed simultaneously with carbide precipitation. Another 
feature of LTTMT is that during the austenite-martensite transformation, 
the high dislocation density of the deformed austenite is retained 
by the martensite, resulting in strengthening. A typical LTTMT 
is described in detail in the Russian translation (3)• 
Controlled Cooling. The combination of accelerated cooling 
from hot mill temperatures and control of coiling temperatures has 
received attention when thin strip products are considered. This 
process would not apply to thick plates since thick plate is 
difficult to cool uniformly and since plate is usually not coiled. 
The influence of various schedules after the hot rolling of 
l/k inch plate of structural steels modified with columbium, 
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molybdenum, and boron has been recently reported by Cryderman, 
Coldren, Bell, and Grozier (k). Strength increases resulting from 
these treatments were associated with grain refinement of the ferrite. 
Previous investigations (5) had concluded that accelerated cooling 
did not effectively suppress the recrystallization of austenite in 
carbon steel. But in precipitation hardening steels which contain 
such alloy additions as columbium and vanadium, the austenite 
recrystallization completion is retarded. 
The controlled cooling of steel strip after coiling can also 
play an important part in the control of properties. If the 
temperature at the coil is sufficiently high and if the austenite 
decomposition transformation has not been completed on the run-out 
table, then the transormation will be continued in the coil, and 
precipitation hardening will take place in applicable alloyed steels. 
Isoforming. Isoforming consists of fabrication performed 
simultaneously with the austenite-pearlite reaction. A result is the 
obtaining of a very fine subgrain structure in the ferrite. Also 
partial or complete spheroidization may take place (6). It has been 
found in several alloy steels, that only small improvements in 
ultimate and yield strengths were obtained by isoforming. However, 
there were improvements in toughness as measured by decreases in the 
notch-brittle-ductile transition temperature. 
Preliminary Thermomechanical Treatment (PTMl). The PTMT 
process involves performing plastic deformation before austenization. 
It has been established (l) that there are strengthening effects 
if (a) steels are cold worked before austenization, and (b) if the 
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cold worked steels are rapidly heated to the austenization temper-
ature . It appears that some of the dislocations introduced by pre-
liminary cold work are retained during thermal processing. 
Other Considerations 
Many grades of structural steels are utilized for engineering 
applications when these steels are still in the condition derived 
from the hot mill. Rolling to a lower than normal finishing 
temperature at the hot mill can lower the impact transition temperature 
(7,8,9)• This is probably due to the increase of cooling rate and to 
the correspondingly reduced ferrite grain size. Heat transfer 
considerations dictate that under identical thermomechanical treat-
ments, thick plates cool more slowly than thin plates and therefore 
thick plates will have larger ferrite grain sizes and higher ductile-
brittle transition temperatures (10). Post rolling normalizing 
• 
treatments are sometimes given directly after hot rolling to improve 
the properties of rolled plate (ll). 
Deformation accomplished in the plastic region will promote 
strengthening effects of an alloy steel through strain hardening. 
It is not uncommon for the yield strength (flow stress) of steels to 
be doubled or tripled or to be further increased by cold work. 
Cold work deformation can also raise the Charpy ductile-brittle 
transition temperature. 
The processes of HTTMT and LTTMT have been successfully 
combined into one processing schedule (l) which has been referred to 
as combined thermomechanical treatment or CTMT. Encouraging 
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results have been obtained "with 0.3 - 0*k w/o C steels containing 
W, V, Ni, and/or Mo additions. Yield strength increases of 35 to 
fy-5 per cent and ultimate tensile strength increases of 10 to 30 
per cent have resulted from application of CTMT; these measures of 
strength are compared with those resulting from conventional hot 
rolling (l). 
High Strength, Low Alloy Steels 
Some Characteristics of HSLA Steels 
The alloy additions of HSLA steels have considerably modified 
the properties of hot rolled carbon steels in that they promote a 
precipitation hardening capability, finer and stronger ferritic-
pearlitic structures (increased hardenability), better ferrite 
strength, and improved corrosion resistance (5*12,13). 
The levels of alloy additions that can be made to improve^ 
the strength of HSLA steels are usually limited by weldability 
considerations. Since structural steels are often welded, low levels 
of alloy additions such as vanadium and columbium have been found to 
promote increased strength through precipitation hardening mechanisms 
while maintaining weldability. Columbium has been found to be a use-
ful precipitation hardening strengthening agent for the practical 
reason that it can be recovered easily from killed or semikilled 
steels. Columbium carbide and nitride have complete solid solubility 
in steels such that the compound found in commercial columbium 
containing HSLA steels is referred to as a carbonitride. A steel 
containing 0.2 w/o C, 0.1 w/o N, and 0.03 w/o Cb needs to be heated 
to 2100 F before columbium carbonitrides go into solid solution 
(llj-,15). The soaking pit temperature at or above 2300°F should 
insure solution of the columbium carbonitrides in HSLA steels. 
During (l6) and after (17) the transformation to ferrite on cooling, 
the columbium remaining in solid solution causes hardening by the 
precipitation of very fine carbonitride particles, and thus the 
steel is strengthened. Raising the strength of steels by columbium 
additions results in a loss of toughness, but this can be often 
offset by reducing the ferrite grain size by process control. The 
solubility and the precipitation hardening powers of vanadium carbide 
and vanadium nitride are different from those of corresponding 
columbium compounds. In HSLA steels that contain about 0.2 w/o C, 
0.01 w/o N, and 0.05 w/o V, the vanadium carbide and nitride go into 
solid solution at temperatures at or above 1800 F (18,19) which is 
lower than the previously given solution temperature for columbium 
carbonitride. 
Hardenability is increased in steels with the presence of 
such alloy additions as carbon, manganese, nitrogen, silicon, nickel, 
chromium, molybdenum, copper, columbium, and vanadium; all of which 
are in solid solution in the austenite phase. The term "hardenability" 
refers to the phenomena of retardation of the transformation of 
austenite which causes a decrease in the formation temperature of 
ferrite during continuous cooling. There is then a decrease in 
ferrite grain size causing a decrease in volume per cent of ferrite 
and thus resulting in an increase in pearlite. Hardenability creates 
a finer and stronger ferritic-pearlitic structure. 
Alloying additions give better ferrite strength in ferrite 
steels by substitutional solid solution hardening mechanisms. 
Copper and phosphorus are -widely used as solution strengthening 
additions. Manganese and nickel additions improve toughness as well 
as raising strength. 
Atmospheric corrosion resistance of HSLA steels are 
noticeably improved by the addition of such elements as chromium, 
copper, phosphorus, silicon, and nickel (20). As little as 0.2 w/o 
Cu is sufficient to double the atmospheric corrosion resistance of 
carbon steels, but increased copper concentration beyond this level 
is less effective. These alloy additions improve paint life for these 
steels, and in many cases these structural steels are used in the 
unpainted condition. 
Additional Considerations of HSLA Steels 
Irving (21) has published an excellent article which reviews 
the development of high strength, low alloy steels (HSLA steels). 
This same reference contains also much technical information per-
taining to fabrication procedures and applications for these steels. 
The technical literature dealing with the various columbium and 
vanadium effects of HSLA steels has become extensive. 
One important effect of columbium additions is that the 
recrystallization temperature of austenite is raised, and the rate 
of recrystallization of austenite is retarded. Effects on the 
recrystallization kinetics are due to the fact that columbium 
carbonitride can be formed in austenite (17)• Recent German work 
(22) has demonstrated that precipitation can be completed in just 
four minutes at 1650 F, and it is also clear that the rate of 
precipitation is accelerated by simultaneous plastic deformation. 
Recent experimentation (23) has shown that decreasing the finishing 
temperature at the hot mill results in increased columbium carbon-
itride precipitation in austenite so that less columbium remains in 
solution to influence later processes such as precipitation hardening 
of the subsequently formed ferrite. The influence of columbium on 
the rate of transformation has received relatively little attention 
in the technical literature, although it has been shown (2^) that 
columbium has a significant retarding effect on the transformation 
to ferrite and pearlite but little to no effect on bainite 
formation. 
Similar properties and responses are obtainable in vanadium 
and columbium containing steels by means of process control, and no 
distinction is made in some ASTM or API specifications for steels 
containing these additions. For example, ASTM A572 specifies 0.005 -
0.11 w/o V or 0.00^ - 0.06 w/o Gb when added singly, or a maximum of 
0.05 w/o Cb when added in combination with 0.01 - 0.11 w/o V. Pipe 
made to API designation ^LK-Grade X-60 can contain minimums of 0.005 
w/o Cb, 0.02 w/o V, and 0.03 w/o Ti, either alone or in combination. 
Unless the particular addition element is specified by the customer, 
the choice of additions is at the discretion of the producer. 
Such alloy additions to steel as manganese, aluminum, and 
vanadium lower the tendencies for strain age embrittlement. Manganese 
retards the precipitation of nitrides, and aluminum and vanadium 
getter the nitrogen in the form of vanadium carbides or nitrides 
during normalizing or hot rolling. Silicon is also beneficial in 
this respect since it is an effective deoxidizer and leaves 
aluminum free to getter the nitrogen. 
Irani, Dulieu, and Tither (25) have recently summarized the 
role of copper as an addition to low alloy steels. One effect regard-
ing corrosion has been mentioned above. A useful strengthening 
effect in steel may be obtained by tempering when copper is present 
in amounts between 0.60 and 1.50 w/o. An additional strengthening 
response is obtained when copper is added in combination with 
columbium or vanadium. 
In addition to the papers above, the research papers of 
Stephenson, Karchner, and Stark (26) dealing with strengthening 
mechanisms in Mn-V-N steels and of W. B. Morrison (27) dealing with 
the influence of small columbium additions on the properties of 
various carbon-manganese steels are regarded as technical milestones. 
General Microstrueture Considerations 
If the grain size is the only variable in different samples of 
a specific material, the grain size will become a factor in altering 
the values of the mechanical properties in that material. For 
example, values of yield strength, ultimate tensile strength, and 
hardness will all increase with decreasing grain size. Grain 
size would be an important factor when measuring properties which 
are characteristic of early plastic deformation since grain boundary 
barriers to dislocation motion are most effective at this stage. 
For example yield strength would be more dependent on grain size 
than would be ultimate tensile strength. Ultimate tensile strength 
(31) would be more controlled by complex dislocation interactions 
taking place within the pearlite and thus it would be more dependent 
on volume fraction of pearlite. 
Hall(28) and Petch (29) derived from considerations of dis-
location theory a relationship between yield strength, <j > and the 
grain size (grain diameter, d). The relationship known as the 
Hall-Petch equation is as follows: 
= a, + K d"2 (1) 
y 
where a. = the friction stress; that is the stress which opposes 
the motion of dislocations 
K = the strength coefficient; a measure of the extent to 
y 
which dislocations are piled up at a barrier, as against 
a given boundary 
The strength coefficient, K , which is essentially independent of 
temperature, is evaluated from the slope of the plot of the equation. 
The value of the intercept on the plot, <j. , is a measure of the 
stress required to drive a dislocation against the resistance offered 
by impurities, precipitate particles, subgrain boundaries, and other 
obstacles to dislocation motion. The friction stress value depends 
on composition, metallurgical condition, and temperature, thus 
indicating the necessity of applying equation (l) only for a given 
11+ 
metal with samples in identical condition except for grain size. 
The Hall-Petch equation has been applied to and verified for a wide 
variety of steels and many nonferrous alloys. 
Many alloy additions which make up low carbon steels result 
in some solid solution hardening of the ferrite and thus raise the 
values of the friction stress a. . These alloy additions may also 
result in the austenite-ferrite transformation taking place at lower 
temperatures, thus producing smaller ferrite grain size. Both of 
these effects will raise the yield strength as dictated by the 
Hall-Petch equation. "When these two effects are the only ones of 
importance for a steel being considered, quantitative metallographic 
procedures and multiple regression analysis done with computers have 
allowed these two effects to be separated. It is then possible 
to express the Hall-Petch relationship in terms of chemical 
compositions (30) as in the following general form: 
n 
*y = C l + C 2 d ' * + I «i <2) 
i=l 
The strength increase term, a* ? is in units of psi per weight per 
cent of alloy in solid solution in the ferrite. The summation is 
taken over the W alloy additions which are in solution in the ferrite. 
It sould be noted that equations (l) and (2) do not take into 
account such metallurgical phenomena as cold working, aging, or 
precipitation effects, all of which influence the values of the 
15 
friction stress a. , 
1 
Pickering's group (30,31) accomplished the original work by 
computer regression in the development of relationships such as 
equation (2). Variables such as grain size (ferrite), volume fraction 
of pearlite, solution hardening effects, and cooling transformation 
effects were considered for alloy additions such as manganese and 
silicon which were used in a wide range of structural steel com-
positions . The result of the yield strength regression analysis was: 
* 
a (PSI) = 15,000 + 4,720(w/o Mn) + 12,150(w/o Si) (3) 
»y 
i 
+ 507 d"2 
Various modifications of Pickering's formulation (equation (3)) have 
been developed which take into account mill fabrication conditions, 
different alloy additions, and weight per cent of free nitrogen 
(32,33, 3h). 
Some investigators, including Pickering and Gladman (3°), 
have concluded that for the case for plain carbon steels with carbon 
contents below 0.2 w/o, the value of g is independent of the 
volume fraction of pearlite in the steel, allowing for the develop-
ment of such relationships as equation (3). It has been reasoned 
that although the pearlite patches are comparatively hard as opposed 
to ferrite grains, they are so widely dispersed in the ferrite 
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matrix that the ferrite can deform around these patches without 
difficulty. However, some investigators believe that the effects of 
pearlite on yield strength values may be significant. Korchynsky 
(35) and his associates at the Graham Research Laboratories of Jones 
and Laughlin Steel Corporation developed the following modification 
to Pickering's formulation which considers the volume fraction (v/o) 
of pearlite: 
a = 13,000 + 3,500 (w/o Mh) + 9,000 (w/o Si) (k) 
+ U,000 (w/o li) +99 (v/o pearlite) 
+ 591 a 2 
• 
After plastic flow has been well initiated in a tensile test 
for example, any existing pearlite patches are closer together and 
can then exert possible significant plastic constraint factors upon 
further deformation of ferrite. This would lead to an increase of 
strain hardening rate, and thus an expected result would be that the 
ultimate tensile strength of annealed carbon steels would be 
increased by the presence of pearlite. It has been already pointed 
out that the ultimate tensile strength (UTS) would be influenced by 
the volume fraction of pearlite to a greater extent than would be 




UTS (PSI) = U2,700 + 3,990 (w/o Mn) + 12,000(w/o Si) (5) 
k 
+ d 2 + 56O (v/o pearlite) 
Other formulations for ultimate tensile strength have been developed 
for steels at different fabrication conditions and -with different 
alloy additions (32,33). 
Pickering and his associates (30,3l) also developed formulations 
for approximating tensile ductility (% RA, per cent reduction of area) 
and the Charpy impact temperature, ITT ( C): 
% RA = 78.5 + 5.39 (w/o Mn) - 0.53 (v/o pearlite) (6) 
- 8399 a 
ITT (°C) = 63 + Uk.l (w/o Si) - 258 (w/o Al) (7) 
+2.2 (w/o pearlite) - 2.3 d"2 
It is emphasized again that all the equations mentioned above 
were developed for metallurgically simple steels, such as normalized 
plain carbon structural steels. These equations do not account for 
complications that would result because of phenomena such as cold 
work, precipitation, or strain aging which would influence a. values, 
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Stress-Strain Relationship 
The common engineering tensile stress-strain curve is really 
not suitable for describing the plastic behavior and work hardening 
characteristics of metals and alloys. Superior description of work 
hardening is obtained when the tensile true stress-true strain 
curve is considered. The true stress-true strain behavior in tension 
can be described by the following formulation: 
5 = K in (8) 
where <j = the true stress in psi 
e = the true strain 
K ss the strength coefficient in psi 
n = the strain hardening exponent 
Thus there is implied a linear relationship between log $ and log e? 
with the value of the slope of such a plot (when log CT is plotted as 
the ordinate) being the value of the strain hardening exponent n. 
The value of K, which is the strength coefficient, is the value of 
true stress at the plot intercept where the true strain has a value of 
one. If a material is found to obey the relationship given by 
equation (8), Consider!'s second construction (37) will then show 
that it is necessary for the true strain at the instant of necking 
to have a value equal to that of n. Thus the strain hardening 
exponent is a measure of the rate of work hardening of the material 
being considered. A low slope value for the log a - log g plot 
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indicates a low value of work hardening (change of flow stress with 
change of plastic deformation), and a low value of true elongation 
before necking commences. A high slope value corresponds to rapid 
work hardining. 
Many of the experimentally determined plots of log <? against 
log e for low allow steels do not show actual linearity in the 
plastic range, and as a result, a number of modifications of 
equation (8) have been proposed. A new relationship proposed by 
Gladman, Holmes, and Pickering (38) has been found to give excellent 
agreement with much experimental data obtained in tension with low 
carbon steel specimens: 
a = a + b In e + ce (9) 
where a, b, and c are constants. 
The literature survey resulted in the finding of one reference 
which considered the strain hardening exponent n to be a function of 
grain size. Morrison (36) obtained: 
n = 1 
10 + d~2 
(10) 
This developed relationship was considered to be an approximation 
for steels which were metallurgically simple and in soft conditions. 
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Republic X-60 Steel 
Republic X-60 steel is a double low alloy grade of HSLA 
containing manganese and columbium. The chemical composition of the 
X-60 steel used in the fabrication program of this thesis was 0.25 
w/o C, 1.10 w/o Mn5 0.017 w/o P, 0.017 w/o S, 0.027 w/o Si, 0.07 w/o 
Cu, 0.0U w/o Ni, 0.02 w/o Cr, 0.011 w/o Sn, 0.01 w/o Mo, and 0.023 
w/o Cb. The Gadsden, Alabama plant of the Republic Steel Corporation 
rated this steel as having a yield point of approximately 63,000 psi, 
an ultimate tensile strength of 87j000 psi, and an elongation of 18.0 
per cent tensile elongation in an eight inch gage length. 
The advertising literature (39) states that X-60 steel has an 
excellent combination of strength, weldability, and formability, 
with outstanding atmospheric corrosion resistance. This steel may be 
used in the unpainted condition since its corrosion resistance is four 
to six times the resistance of plain structural carbon steel. The 
15 ft.-lb. Charpy V-notch transition temperature is given as -15 F. 
The steel can be readily welded by the convential arc, resistance, 
and gas welding process. Republic X-60 meets or exceeds specifications 
given by ASTM A2^2 and A588 for plates, structurals, and bars, and 
ASTM A6o6 Type k for sheet and strip. The steel is used for barges, 
dredges, railroad cars, earthmoving equipment, farm machinery, 
trucks and industrial equipment. It is available as hot rolled 
plates, hot rolled bars, and hot rolled structural shapes. 
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CHAPTER II 
MATERIAL, FABRICATION, AND SPECIMEN PREPARATION 
X-60 Steel 
The steel that is investigated in this thesis is Republic 
Steel's designated X-60, double addition (Mn, Cb) alloy steel. 
The steel is classified as a high strength low alloy steel (HSLA) 
which is a new generation of structural steel. This type of steel was 
selected for this thesis because there has been relatively little 
work produced for the literature which offers results of thermo-
mechanical research of HSLA class steel. The X-60 steel was one of 
three HSLA steels which were fabricated and provided by the Republic 
Steel Corporation. The other two steels were X-52, single addition 
(Mn) alloy steel and A-¥n, triple addition (Mn, V, Cu) alloy steel. 
The X-52 and A-MH steels have already been investigated in thesis 
work by Mr. Y. M. Ebadi and Mr. M. R. Pereyra, respectively, at the 
Georgia Institute of Technology. 
All of the samples of X-60 steel in this investigation were 
taken from one plate. The plate was prepared and fabricated at the 
Republic Steel production facility in Gadsden, Alabama. The rolling 
schedule of the plate was company confidential, but Republic Steel 
did reveal that the schedule involved some commercial controlled 
rolling operations including hot finishing. The plate was given 
the heat number designation U15855• 
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The Thermomechanical Treatment Program 
Three of the five thermomechanical treatments previously 
mentioned were involved in this investigation of X-60 Steel. These 
treatments were high temperature thermomechanical treatment (HTTMT), 
isoforming, and preliminary thermomechanical treatment (PTMT). The 
X-60 steel is a low alloyed steel, and therefore the low temperature 
thermomechanical treatment (LTTMT) could not be used in the investi-
gation because the isothermal transformation diagram of X-60 steel 
indicates that metastable austenite decomposition at temperatures 
below the A. line will take place in a very short time. The LTTMT 
is only suitable for high alloy steels. Since LTTMT was impossible 
to do on this steel, the combined thermomechanical treatment (CTMT) 
was automatically impossible also. Controlled cooling and coiling 
was ruled out since the sample sizes were too big and also since the 
Republic Steel Research Center did not have the proper facilities. 
A fabrication program, which consisted of the above three 
mentioned thermomechanical treatments, was performed by the Republic 
Steel Research Center. These treatments involved the following 
temperatures: 
a. High temperature thermomechanical treatment (HTTMT) 
consists of temperatures where all carbides should be in solution and 
also of temperatures at which carbide precipitation should be con-
current with fabrication. Nitrides or carbonitrides of columbium 
may be involved instead of just iron-carbides. 
b. Isoforming consists of temperatures where the austenite-
pearlite reaction could take place simultaneously with plastic 
•-•-• 
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deformation during the rolling process. 
c. Preliminary thermomechanical treatment (PTMT) consists of 
temperatures which are in accordance with the cold work range. Since 
half of the samples were cold worked before being hot or warm worked 
at the mill, this treatment was appropriate. 
The fabrication program involved temperatures which may be thought of 
as being low for thermomechanical treatments. These temperatures were 
well below the A line. Of interest were the effects of possible cold 
or warm work and of possible simultaneous aging with deformation. 
Twenty plate samples were taken from the X-60 steel plate 
for use in the thermomechanical treatment program. Each sample plate 
size was 10 inches in length by 6 inches in width by half inch in 
thickness. The length direction was in the rolling direction of the 
original plate (Gadsden produced) and was also used as the rolling 
direction for all further thermomechanical processing. The sample 
sizes were compatible to the design of the heating facilities and 
the rolling mill at the Republic Steel Research Center. All 
fabrication at the Research Center was performed in one two-high 
reversing mill with 1̂- inch diameter rolls of 20 inch effective 
length at a rolling velocity of 1,000 rpm. 
One of the samples was given the number designation "1". 
This sample was representative of the mill conditioned material as 
produced in Gadsden. 
Ten other samples were cold worked at room temperature by 
rolling to a preliminary 20 per cent reduction of 0.̂ -0 inch 
thickness. One of these ten samples was given the number designation 
"2" and it was representative of the cold worked X-60 steel. The 
other nine samples were each heated in a furnace for one hour at 
respective temperatures of 2000, 1850, 1700, 1550, 1^00, 1250, 1100, 
950. and 800 F. These samples were then removed from the furnace 
and given another 20 per cent reduction in thickness to 0.32 inch 
by rolling them in one quick pass through the mill. Some of these 
preliminary cold worked samples represented materials to be involved 
in the preliminary thermomechanical treatment program (PTMT) as 
modified by other subsequent operations. All of these preliminary 
cold worked samples, including the "2" sample, represent the 
"cold work-hot work" material. 
Each of the remaining nine samples, all still in the mill 
condition, was also heated in a furnace for one hour at respective 
temperatures of 2000, 1850, 1700, 1550, ikOO, 1250, 1100, 950 and 
800 F. These samples were then reduced as rapidly as possible from 
half inch thickness to 0.32 inch with two passes through the rolling 
mill, each pass giving a 20 per cent reduction. There was little 
opportunity for a temperature change between passes. These nine samples 
will be referred to as the "hot-work" material. 
Each sample was cooled from fabrication temperature. 
Immediately after the rolling operation, each sample, while still at 
temperature, was placed in a granular material specifically provided. 
for cooling purposes. 
Samples "1" and "2" were respectively representative of the 
mill condition and the 20 per cent cold worked X-60. The rest of the 
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number designations are summarized in Table 1. 
Preparation of Test Specimens 
General 
All test specimens were prepared in the Material Processing 
Laboratory of the School of Mechanical Engineering, Georgia Institute 
of Technology. Assistance and guidance was given by acknowledged 
machine shop personnel. Care was taken during machining operations 
of the material to avoid distortion or heating which could alter 
the mechanical properties. 
Approximately one inch of material was removed from each 
plate sample by a single saw cut made with a power hack-saw. This 
end piece was discarded because it was thought that the end effects 
resulting from fabrication and heating would distort any representative 
mechanical properties in the piece. The rest of the plate was used 
to prepare Charpy specimens, tensile specimens, and metallographic 
specimens. 
Charpy Specimens 
A 2 - ^ inch long piece was cut from each sample plate for 
preparation of Charpy specimens. This piece, as indicated by 
Figure 1, was cut in a single operation with the power hack-saw. 
This plate section was surface ground to Charpy specimen length 
(55 mm) by a Blohm-Simplex 5 surface grinder with a 12 inch diameter 
wheel. The plate section was also ground to 0.263 inch thickness 
by the same grinding unit. This thickness was made two-thirds of 
the thickness of a "standard" Charpy specimen (10 mm) because 
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Table 1. Designation of Fabrication Samples 
Furnace 
Temperature 








































Figure 1. Location of Test Samples Relative to 
Fabricated Plate 
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specimens of this "standard" thickness could not be prepared from 
the sample plates of 0.32 inch fabricated thickness. The two-thirds 
thickness is a standard compatible with the steel industry practice 
for sheet and thin plate. The grinding depth was limited to a 
maximum of 0.005 inch in order to avoid overheating. An adequate 
supply of cooling water was maintained during grinding to insure 
that room temperature machining was accomplished. Charpy specimen 
blanks were then cut from the ground plate sample by use of a DoAll 
Metalmaster band saw which had a blade of l/k inch depth and 1^ 
teeth per inch. Each Charpy blank was stamped with the appropriate 
number in accordance with Table 1. The saw cut surfaces were ground 
down to the desired width of 10 mm. A standard V-notch of 2 mm 
depth was machined into each blank by use of a specially prepared 
cutter mounted on a Milwaukee Model H horizontal milling machine. 
The dimensions of the Charpy specimens are in accordance with the 
ASTM Standard E-23. The dimensions are as shown in Figure 2. 
Tensile Specimens 
Two blanks were cut from the sample plate along the longitudinal 
rolling direction of the plate. One blank was also cut along the 
transverse direction of the plate. These blanks, which were cut at 
the location as indicated by Figure 1, were for the eventual 
preparation of tensile specimens. The blanks were approximately 5/8 
inch in width. The blanks were then rough turned to approximately 
0.30 inch on a Monarch Model 12 CK lathe. Ends were threaded in the 
same lathe over a length of about one inch (l/2 inch diameter, 13 
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Figure 2„ Test Specimen Dimensions 
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threads per inch) . The gage length of each specimen was machined to 
approximately 0.250 inch diameter in a Monarch Model ik C lathe 
equipped with a True Trace Model 106 633 tracer attachment. The 
final dimensions of the tensile specimens are shown in Figure 2. 
These dimensions are in accordance with ASTM Standard E-8. The 
0.250 inch diameter was necessary because previous experience has 
shown that at this dimension, tensile specimens will definitely 
break in the gage length instead of breaking in the threaded ends. 
These ends have a reduced cross-sectional area resulting from the 
large flats consistent with the 0.32 inch plate thickness. 
Metallographic Specimens 
Metaliographic specimen blanks were cut from each plate sample 
as indicated in Figure 1. The dimensions of the surface of the 
blank were 5/8 inch along the longitudinal of the plate and 3/8 inch 
across the width of the plate. The plate thickness (the cut surface 
of the blank) was used as the metallographic specimen surface. The 
blanks were mounted in bakelite. The surface of the specimens were 
then rough ground in the machine shop while care was taken not to over-
heat the surface and thus cause a change in the grain structure. In 
the next operation, the specimens were ground with AB Carbimet Silicon 
Carbide papers with grits of 180, 2^0, 320, U00, and 600. This 
grinding was done in steps from the 180 wheel to the 600 wheel. The 
specimens were then polished on an eight inch diameter wheel with a 
Buehler AB Microcloth. The polishing solution consisted of Buehler 






The tensile testing for this investigation was done on the 
10,000 pound capacity floor model (Model TTG) Instron machine 
which belongs to the School of Mechanical Engineering. The tensile 
specimens were tested at room temperature "by the Instron machine 
which operated at either 10,000 pound or 5? 000 pound capacity depend-
ing on the steel being elongated. The extensometer which was 
attached to the test specimens was permitted to indicate elongation 
readings of either 25 per cent or 50 per cent maximum elongation. 
The Instron Model G51-12 extensometer was used since it could achieve 
elongation values which are compatible with tested steel specimens. 
A crosshead velocity of 0.05 inch per minute was held constant during 
the testing. Load-elongation diagrams are autographically recorded 
on 10 inch wide chart paper. The motion of the pen across the 10 
inch wide chart paper is actuated by the signal from a load cell, 
while the X-direction pen travel is proporational to the elongation 
signal of the extensometer. Maximum size load-elongation 
diagrams were printed out on the charts by making the proper load 
capacity and extensometer settings. 
Each recorded load-elongation diagram was analyzed to 
produce such calculated results such as upper yield point and lower 
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yield point values, or when applicable 0.2 per cent offset yield 
strength. Yield point elongation was directly measured from those 
diagrams which showed upper and lower yield points. Uniform elongation 
to necking and total elongation to fracture were also measured 
directly from the diagram. The initial specimen diameters were 
measured by a micrometer from which the initial cross-sectional areas 
were determined. The cross-sectional area at the fracture was 
determined by measuring the maximum diameter and the minimum diameter 
since the fracture area was more elliptical than round. The two 
measurements were used to figure the elliptical area of the fracture. 
A Leitz Toolmaker's Model "WM II microscope was used to made the 
two measurements at fracture. The per cent reduction of area values 
were calculated by comparing the initial areas with the fracture 
areas. By noting the fracture load, the values of engineering 
fracture stress and true fracture stress were respectively obtained 
by dividing the load by the initial cross-sectional area and the 
fracture cross-sectional area. 
Strain harding effects were analyzed from each recorded 
load-elongation diagram. For most cases, the value of load on each 
diagram was noted for each per cent of plastic strain. For those 
tensile specimens which tended to be brittle and showed little 
ductility, load values were determined at each half per cent value 
of strain. These load values were divided by the initial cross -
sectional areas to determine the corresponding engineering stresses, and 
thus engineering stress-strain data for each specimen were compiled 
in tabular form. True stress and true strain values, corresponding 
to the individual engineering stress and strain values, were calculated 
by application of appropriate formulations. The true stress and 
true strain values were only calculated from engineering stress and 
strain values measured before and during the onset of necking. 
The strain harding coefficient n and the strength coefficient 
K were determined by the use of equation (8) with two methods. The 
first method was by graphical means and the second was by Considiere's 
second finding. In the graphical method, log CT values were plotted 
against log £ values, and the n value was determined from the slope 
of the line as is indicated by equation (8). These n values and the 
maximum load values were used with equation (8) to calculate the 
K values. Difficulty resulted when the log Q- - log e plot did not 
yield a straight line. This was surmounted by evaluating the slope 
of the last three or four points (maximum loads) which indicated a 
straight line. In the second method, n and K values were obtained 
by using Considere's second finding which is that the true strain 
value at necking is equal to n (when equation (8) is exactly 
followed). By using these values of n with maximum load values, the 
K values were calculated by using equation (8). In comparing these 
mehtods, the two sets of n and K values for each test specimen 
generally showed little deviation except for cases involving 
severely cold worked materials. 
There was an initial total of 60 test specimens. As is 
nearly always the case with a test program of this scope, some of 
the specimens necked, deformed and fractured outside the gage length 
3h 
of the extensometer. For these specimens which were probably undercut at 
the fillets on the tracer lathe, duplicate specimens were prepared 
for retesting. 
Charpy Impact Tests 
Charpy impact tests were preformed on a total of 220 V-notch 
Charpy specimens which consisted of 11 samples from each of the 
numerical designated materials of Table 1. A 220 foot-pound capacity 
Tinius Olsen Charpy-Izod unit was used for the testing. 
The objective of the impact testing was the determination of 
Charpy energy values over the entire transition temperature range from 
very brittle behavior to very ductile behavior, so as to allow evalu-
ation of the 15 foot-pound transition temperature for each of the 
designated materials of Table 1. Energy values obtained with the 
eleven Charpy specimens of each material were plotted against testing-
temperatures, and the 15 foot-pound transition temperature was 
directly read from the plot. 
During the testing, insulated wide-mouth Thermos flasks were 
used to confine liquid baths which provided the required variations 
of test temperatures. Specimens were immersed in the baths for 
thirty minutes before testing. The bath used for elevated temperature 
testing was water, and the bath used for temperatures below room 
temperature was controlled mixtures of ice and water, and table salt. 
For extreme cold temperatures, baths of dry ice and acetone or liquid 
nitrogen and ethyl alcohol were used. Once the proper concentrations 
or mixtures were obtained, baths of remarkable stable temperatures 
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resulted within one degree Fahrenheit for a relatively long time. 
Thermometers which could be read to within one-half degree were used 
in the testing. The maximum elapsed time between the specimen removal 
from the bath and the rupturing of the test bars by the Charpy machine 
was five seconds, resulting in little opportunity for a temperature 
change in the specimen from the stable bath temperature. 
Hardness Tests 
Both Rockwell and Brinell hardness tests were performed on 
ruptured Charpy specimens since the machined surfaces of these specimens 
were ideal for such testing. Care was taken to avoid the strain 
hardened material near the fractured surface of each specimen. 
In the Metallography Laboratory of the School of Mechanical 
Engineering, there is available a Brinell unit manufactured by the 
Steel City Testing Laboratory of the Tinius Olsen Testing Machine 
Company. Also available in the same lab is a Rockwell unit made by 
the Wilson Mechanical Instrument Division, American Chain and Cable 
Company. Both units were used in the testing. 
All Brinell determinations of hardness involved the application 
of 3,000 kg loads to 10 mm diameter spherical indentors. This com-
bination of load and diameter is the most common for steel specimens. 
Approximately ten Rockwell hardness determinations were made 
for each of the designated materials of Table 1. The B scale was 
found to be applicable for most of the material* and the usual l/l6 
inch diameter ball and 100 kg load were used in the testing. Some 
materials were harder than the upper limit (100 R^) of the B scale, 
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and therefore the C scale, with diamond brale and 150 major load, had 
to be used. 
Metallographic Analysis 
Photomicrographs at 1+OOx magnification were prepared from each 
of the polished and etched metallographic samples. A vertical Vicker's 
"55" metallograph which belongs to the Metallographic Laboratory of 
the School of Chemical Engineering was used for the high magnification 
optical investigations. Polaroid k x 5 Land Film, Type 55 P/N was 
used, and the long dimension of the film was oriented to be in the 
rolling direction of the plate. This type of Polaroid film produced 
negatives as well as prints. The negatives were saved for future 
prints. 
Each photomicrograph was prepared to be representative of the 
entire grain structure of the material. It was noticed that there was 
little variation in the microstrueture throughout the thickness 
of the fabricated plate samples. 
The photomicrographs were used to make quantitative measure-
ments which are associated with mechanical properties. For example, 
a measured ferrite grain size value could be used in the Hall-Petch 
relationship, equation (l), to evaluate the yield strength. Grain size 
and volume fraction of pearlite measurements could be used for equation 
(k) to evaluate yield strength if the applicable steel in the appro-
priate condition was considered. The same two quantities could be 
used to determine the ultimate tensile strength by using equation (8). 
Other previously discussed relationships (equations (6) and (7)) in 
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the literature indicate other possible variations of properties with 
microstructural changes. Cold or warm work would cause a departure 
from an equiaxed grain structure, resulting in grain elongation 
in the rolling direction. A quantitative measure of this degree of 
orientation could "be of interest. 
The volume fraction of pearlite was determined by the point 
counting method which required the use of a transparent grid. The 
grid consisted of sharp dark lines intersecting to make l/k inch 
squares. The grid was placed over the photomicrograph such that one 
set of lines was parallel to the rolling direction and the other set 
of lines was perpendicular. Depending on the grid size and the size 
of the photomicrograph, the grid lines will intersect in a number of 
points on the photomicrograph. The volume fraction of pearlite will 
be the number of grid intersection points located over the pearlite 
features divided by the total number of points located in the photo-
micrograph. The volume fraction of ferrite was determined by the 
same method. Some of the grid intersection points were located over 
inclusions such as manganese-sulfide or located over spheroidized 
cementite. 
The grid was also used to establish values of the grain 
diameter d. The grain diameter is better referred to as the "mean 
intercept length" which is the average length of random line 
intercepted by the average grain. The ferrite mean intercept length 
using Underwood's (̂-O) symbols is calculated by: 
wmmmm 
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% Ferrite 1 
100 X NT 
La a 
(in.) (11) 
In this relationship, N is the number of interceptions of ferrite 
grains per unit of length of grid line (inch ). Since it is 
expected to have ferrite-pearlite microstructure, the quantity N. 
is defined as (^0): 
Lof 
2(P ) + (P ) , 
= Li** Lofi. (in"1) 
lot 2 x ' 
(12) 
where (P_) = number of ferrite-ferrite interfaces (grain 
I/acy v 
(PL>«* 
"boundaries) per unit length of grid line 
= number of ferrite-pearlite interfaces per unit 
length of grid line 
The following formulations were used to determine P : 
(pT) 
1J ota 
(P ) ii + (P )i 
n/rv n/r/ -1-ota act 
+ L 1 
(13) 
(Vc* ,
 ( VH + Vl 
+ L 1 
(HO 
where L u = length of the rolling direction grid lines 
mmmm 
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LJL = length of the transverse grid lines 
(P ),, - total number of intersections of ferrite-ferrite 
acr (I 
grain boundaries with the rolling direction grid 
lines 
(P )i = total number of intersections of ferrite-ferrite ota ± 
grain boundaries with transverse grid lines 
(P )II = total number of intersections of ferrite-pearlite 
grain boundaries with rolling direction grid lines 
(P )i = total number of intersections of ferrite-pearlite 
c*0 -L 
grain boundaries with transverse grid lines 
The pearlite mean intercept length can be evaluated by: 
(jo Pearlite) 
% ~ 100 X NLf ^T— (
in-) (15) 
where H_ = number of interceptions of pearlite colonies or LP 
patches per unit length of grid line 
Since the number of ferrite grains are of no interest, equation (12) 
becomes: 
H = L <# 
Lp 2 
(in ) (16) 
The orientation factor si is an indication of the degree of 
distortion of ferrite grains. Underwood's defining relationship is 
ko 
(Vi - (y i 
•a " W^] + 0.571 ( V7 
(17) 
where (Ny)i = number of interceptions of ferrite grains of the 
microstrueture per unit of length of grid lines 
normal to the rolling direction 
(N ) .I = number of interceptions of ferrite grains of the 
microstrueture per unit length of grid lines 
parallel to the rolling direction 
A value of one will be assigned to A for a hypothetical perfectly 
oriented microstrueture in which the grains are reduced to lines in 
the rolling direction. The orientation factor will be zero for 
grains which are ideally equiaxed. The orientation factor will have 






Tables 2, 35 ^? 5? 6, and 7 summarize all calculated results 
associated with Instron plotted load-elongation diagrams. The even-
numbered tables contain calculated data for "hot-work" tensile 
specimens, while the odd-numbered tables contain calculated results 
for the "cold work-hot work" specimens. Yielding properties are 
considered in Tables 2 and 3 while properties associated with necking 
are considered in Tables k and 5• Fracture properties are 
summarized in Tables 6 and 7• 
Charpy Impact Test 
Tables 8 and 9 contain energy values (foot-pounds) resulting 
from tests on the V-notch Charpy Specimens; Table 8 contains data for 
the "hot-work" specimens while Table 9 has to do with the "cold work-
hot work" material. Charpy energy for each number designated steel 
was plotted as the ordinate against testing temperature as the 
abscissa, and values of 15 foot-pound transition temperatures were 
derived from these plots. Table 10 summarizes these 15 foot-pound 
transition temperature values. 
Hardness Tests 
Tables 11 and 12 contain hardness test data. Rockwell B(R ) 
te 
and Rockwell C(R ) test results are included with each value 
\J 
representing the average of six or seven test readings for each of 
the number designated steels. Brinell test data,which are a result 
of 35000 kg loads and 10 ram diameter balls, are also included, and 
each listed value represents the average of two test readings. 
Metallographic Analysis 
Tables 13 and Ik include quantitative metallographic results 
obtained from the photomicrographs. The listed values were determined 
for each photomicrograph. Included are the values for ferrite mean 
intercept length (grain diameter), volume fraction of pearlite 
(expressed on a per cent basis), and ferrite orientation factor. 
Also included in these tables are the calculated values of d 2 
which is one of the terms used in the Hall-Petch relationship. 
3̂ 
Table 2. Tensile Test Results Related 
to Yielding, Hot Work Samples 
Finishing Upper Lower 0.2% Yield Yield 
Code Temperature Yield Yield Offset Yield Point Point 
(°F) Point Point Strength Drop Elongation 
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Table 4. Tensile Test Results Related 
to Necking, Hot Work Samples 
Finishing Ultimate Uniform Strain Hardening Strength 
Code Temperature Tensile Elongation Exponent n Coefficient K 
Strength UTS Graph. UTS Graph. 
<°F) (psi) % (psi) (psi) 
Longitudinal Specimens 
1L1 mill 90,310 14.3 0.1337 0.1293 135,090 133,890 
1L2 mill 90,590 13.7 0.1284 0.1336 134,050 135,470 
12L1 800 136,080 4.1 0.0402 0.0505 161,190 166,400 
12L2 800 138,450 4.0 0.0392 0.0429 163,490 165,400 
13L1 950 121,710 6.5 0.0630 0.0729 154,280 158,440 
13L2 950 120,620 5.4 0.0526 0.0638 148,430 153,220 
14L1 1100 107,350 8.3 0.0797 0.0851 142,240 144,170 
14L2 1100 107,720 8.6 0.0825 0.0843 143,720 144,360 
15L1 1250 96,990 9.5 0.0908 0.0968 132,050 133,950 
15L2 1250 98,080 10.0 0.0953 0.0994 134,980 136,270 
16L1 1400 91,600 11.7 0.1106 0.1219 130,530 133,730 
16L2 1400 90,150 12.7 0.1196 0.1200 130,970 131,090 
17L1 1550 87,750 17.5 0.1613 0.1600 138,380 138,060 
17L2 1550 87,370 18.2 0.1672 0.1658 139,270 138,930 
18L1 1700 85,010 14.5 0.1354 0.1350 127,600 127,500 
18L2 1700 86,530 15.3 0.1424 0.1486 131,684 133,270 
19L1 1850 87,110 14.9 0.1389 0.1379 131,660 131,390 
19L2 1850 84,350 15.8 0.1467 0.1508 129,450 130,470 
20L1 2000 89,200 13.8 0.1293 0.1264 132,240 131,470 
20L2 2000 87,860 15.1 0.1406 0.1392 133,240 132,880 
Transverse Specimens 
IT mill 91,920 13.6 0.1275 0.1308 135,780 136,710 
12T 800 139,950 3.7 0.0363 0.0375 163,700 164,330 
13T 950 121,870 5.7 0.0554 0.0625 151,220 154,270 
14T 1100 109,290 6.6 0.0639 0.0610 138,900 137,790 
15T 1250 98,710 7.6 0.0733 0.0705 128,620 127,690 
16T 1400 88,600 14.1 0.1319 0.1342 132,060 132,670 
17T 1550 89,110 16.9 0.1562 0.1564 139,210 139,290 
18T 1700 86,400 16.0 0.1484 0.1625 133,020 136,560 
19T 1850 87,730 11.8 0.1115 0.1214 125,260 127,950 
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Table 8. Charpy Test Results, 
Hot Work Samples 
Code Temperature Energy Code Temperature Energy 
(°F) (Ft-lb.) (°F) (Ft-lb.) 
1 - 87 2.0 12 -105 1.0 
1 - 65 2.5 12 - 50 1.0 
1 - 40 5.0 12 - 25 1.0 
1 - 20 12.0 12 + 34 1.0 
1 + 5 14.0 12 + 40 2.0 
1 +12 18.0 12 + 55 6.0 
1 +32 27.0 12 + 60 4.0 
1 +55 23.0 12 + 80 3.0 
1 +72 23.0 12 +100 8.0 
1 +80 28.0 12 +120 6.0 
1 +212 30.0 12 +140 23.0 
. 12 +208 19.0 
13 -105 1.0 14 - 85 2.0 
13 - 50 2.0 14 - 58 3.0 
13 - 25 1.0 14 - 40 2.0 
13 0 8.0 14 - 13 4.0 
13 + 10 4.0 14 - 13 6.0 
13 + 15 17.0 14 + 12 11.0 
13 + 20 8.0 14 + 14 10.0 
13 + 34 6.0 14 + 20 7.0 
13 + 40 15.0 14 + 33 28.0 
13 + 80 15.0 14 + 55 34.0 
13 +140 23.0 14 + 77 27.0 
13 +208 24.0 14 +212 34.0 
15 - 78 4.0 16 -105 1.0 
15 - 65 5.0 16 - 90 3.0 
15 - 40 5.0 16 - 75 5.0 
15 - 20 7.0 16 - 60 4.0 
15 + 5 30.0 - 50 17.0 
15 + 12 18.0 16 - 40 22.0 
15 . + 20 18.0 16 - 25 10.0 
15 + 32 31.0 16 + 12 40.0 
15 + 40 30.0 16 + 34 41.0 
15 + 55 40.0 16 + 55 44.0 
15 + 73 32.0 16 + 80 48.0 
15 +200 42.0 16 +208 46.0 
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1 + 9 
12 +129 
13 + 78 
14 + 30 
15 + 8 
16 - 52 
17 -122 
18 -108 
19 + 34 
20 + 6 




2 + 67 
3 +178 
4 + 67 
5 + 17 
6 + 6 
7 - 99 
8 -117 
9 -103 
10 - 73 
11 + 13 
5h 
Table 11. Hardness Test Results, 
Hot Work Samples 
Finishing Brinnell 
Code Temperature Rockwell Rockwell 3000 Kg. 
(°F) B C 10 mm Ball 
1 Mill 83 159 
12 800 27 223 
13 950 24 217 
14 1100 94 192 
15 1250 90 183 
16 1400 90 156 
17 1550 84 137 
18 1700 81 134 
19 1850 84 146 
20 2000 84 143 
Table 12. Hardness Test Results, 
Cold Work-Hot Work Samples 
Finishing Brinnell 
Code Temperature Rockwell Rockwell 3000 Kg. 
(°F) B C 10 mm Ball 
2 Cold Rolled 97 201 
3 800 27 217 
4 950 24 241 
5 1100 96 197 
6 1250 93 170 
7 1400 79 143 
8 1550 82 140 
9 1700 84 146 
10 1850 78 137 
11 2000 83 146 
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Table 13. Optical Metallographic Results, 




Magnifi- Ferrite Mean 





(in x 10 ) in-1/2 % 
Factor 
% 
1 Mill 400x 5.93 41.1 45 8.3 
12 800 400x 3.94 50.4 50 47.1 
13 950 400x 4.29 48.3 45 56.0 
14 1100 400x 4.10 49.4 56 53.5 
15 1250 400x 3.94 50.4 52 56.8 
16 1400 400x 2.83 59.4 45 45.1 
17 1550 400x 2.82 59.6 36 14.8 
18 1700 400x 4.40 47.7 42 29.3 
19 1850 400x 3.82 51.2 43 9.3 
20 2000 400x 3.95 50.3 49 19.0 
Table 14. Optical Metallographic Results, 














2 Cold Rolled 400x 5.17 44.0 46 50.3 
3 800 400x 4.43 47.5 53 47.7 
4 950 400x 4.03 49.8 50 53.1 
5 1100 400x 4.75 45.9 35 62.2 
6 1250 400x 5.42 43.0 36 51.4 
7 1400 400x 2.62 61.7 50 13.9 
8 1550 400x 2.70 60.8 20 15.3 
9 1700 400x 4.02 49.9 31 8.0 
10 1850 400x 4.03 49.8 45 22.4 





The calculated values of the mechanical properties and the 
metallographic quantitative results of "both the "hot-work" material 
and the "cold work-hot work" material are evaluated against the 
fabrication temperatures in this section of the text. The mechanical 
properties of the cold work-hot work material are compared to the 
mechanical properties of the hot work material. Mechanical properties 
which were a result of 1^00 F to 1700°F fabrication are compared to 
the mechanical properties of the material in the mill condition. 
Photomicrographs of the.hot work material are shown in this chapter 
of the text also. 
Lower Yield Strength 
The lower yield strength of the hot work material is plotted 
against the fabrication temperature in Figure 3» The lower yield 
strength of the cold work-hot work material is also shown in Figure k. 
Hot Work Material 
Data are shown in Figure 3 for both the longitudinal and 
transverse tensile specimens. The longitudinal and transverse data 
seem to have approximately the same stress values at each fabrication 
temperature. In a temperature range of 800 F to 1̂ +00 F, the yield 
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Figure 3. Lower Yield Strength as a Function of Fabrication 
Temperature, Hot Work Specimens . 
2000 
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800 1000 1200 1400 1600 1800 2000 
Finishing Temperature (°F) 
Figure 4. Lower Yield Strength as a Function of Fabrication 
Temperature, Cold Work-Hot Work Specimens. 
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apply in this fabrication range. From 1̂ +00 F to 2000 F, the yield 
strength values are comparatively low, and it appears that the 
yield strength is influenced by the change in grain diameter. The 
change of grain diameter with fabrication temperature is discussed in 
more detail in the section on the ferrite mean intercept diameter. 
Cold Work-Hot Work Material 
Figure k shows that the behavior of the cold work-hot work 
material lower yield strength does not differ too significantly from 
the lower yield strength behavior of the hot work material (Figure 3) 
with the possible exception of the cold work-hot work transverse 
specimens. The yield point values of these transverse items in a 
fabrication temperature range of 1250 F to 1̂ +00 F differ significantly 
from the yield point values of the longitudinal specimens. This can 
be explained from the anisotropy in the longitudinal direction. In a 
fabrication temperature range of 800 F to 1300 F, the lower yield 
strength has approximately the same values as those of the hot work 
specimens, and preliminary cold working gives no increase in strength. 
From 1̂ -00 F to 2000 F, the yield strength is lower than the yield 
strength of the hot work material. Although the grain sizes are smaller 
(see discussion on ferrite mean intercept diameter), this phenomenon 
can be explained from the fact that the cold work-hot work micro-
structure does not have as many precipitation hardening particles 
as the hot work microstructure due to the slower rate of recrystalliz-
ation of the cold work-hot work material. 
Ultimate Tensile Strength 
The ultimate tensile strength of the hot work material is 
plotted against the fabrication temperature in Figure 5. The 
ultimate tensile strength of the cold work-hot work material is also 
shown in Figure 6. 
Hot Work Material 
It appears in Figure 5 that the ultimate tensile strength 
values of both the longitudinal and the transverse specimens are 
the same. In a temperature range of 800 F to 1^00 F, the ultimate 
tensile strength values are comparatively high, and work hardening 
effects apply in this fabrication range. From 1̂ -00 F to 2000 F, the 
tensile strength values are comparatively low. The work hardening 
effects seem to lose their influence at a temperature of 1̂ +00 F 
which probably corresponds to the eutectoid temperature. 
Cold Work-Hot Work Material 
Figure 6 shows that the ultimate tensile strength values are 
approximately the same for both the longitudinal specimens and the 
transverse specimens. Figure 6 also indicates that the ultimate 
tensile strength behavior does not differ much from the ultimate 
tensile strength behavior of the hot work material (Figure 5)5 and 
thus it is concluded that preliminary cold working has little effect 
on the ultimate tensile strength. 
Hall-Peten Equation 
The applicability of the Hall-Fetch equation to the hot work 
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F igure 7. Applicability of the Hall-Petch Equation, Hot 
Work Longitudinal Specimens. 
6k 
to the cold work-hot work material is also considered in Figure 8. 
Hot Work Material 
The lower yield strength was plotted against the ferrite grain 
1 
diameter parameter d 2 in Figure 7. For materials fabricated below 
1^00 F, the yield stress varies, but there is no correlation with 
grain diameter. This is not surprising since this material is under-
going recovery, and there is no appreciable grain growth. For 
material fabricated at 1^00 F and above, linear regression analysis 
formulated a Hall-Petch relationship as shown in the figure. The 
correlation coefficient of 0.7566 indicates that there is a reason-
l 
able correlation between the lower yield strength and d 2. 
Cold Work-Hot Work Material 
The same conclusions that were discussed for Figure 7 can be 
applied to Figure 8. The correlation coefficient of O.8967 indicates 
that there is also a reasonable correlation between the lower yield 
strength and d 2. 
Strain Hardening Exponent 
The strain hardening exponent (n) of the hot work material as a 
function of fabrication temperature is shown in Figure 9* Tne strain 
hardening exponent of the cold work-hot work material is also shown 
in Figure 10. It should be pointed out here that it is desired to have 
large values of the strain hardening exponent because large values will 
result in stronger work hardened steels. 
Hot Work Material 
The strain hardening exponent, which is a measure of the rate of 
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Figure 9. Strain Hardening Exponent as a Function of 
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strain hardening, increases sharply in Figure 9 from approximately 
O.oU to 0.13 in the fabrication range of 800°F to 1^00°F. The 
material at 800 F has large ferrite grains surrounding pearlite grains 
and the material therefore work hardens in the softer ferrite. 
Thus the strain hardening exponent is low. As the fabrication 
temperature is increased toward 1^00 F, the ferrite grains surrounding 
the pearlite grains become smaller, and the material therefore tends 
to work harden against the harder pearlite. Therefore the strain 
hardening exponent increases. "When the material is fabricated between 
1^00 F and 1550 F, a finer and harder microstructure increases the 
value of n further. As temperatures increase from 1550 F to 2000 F, 
the grains of ferrite will become larger (see discussion on ferrite 
mean intercept diameter), and the material will tend to work harden 
against the softer ferrite resulting in smaller values of n. The 
strain hardening exponents for transverse specimens have lower values 
than those of the longitudinal specimens in the 800 F to 1U00 range. 
The material is not as work hardened in the transverse direction as in 
the longitudinal direction. From 1^00 F to 1550 F, the transverse 
specimen exponent values are larger than those for the longitudinal 
specimens. The material is probably work hardening more against 
the stronger pearlite which is predominant in the transverse direction, 
The transverse and the longitudinal values of n are approximately 
equal at fabrication temperatures from 1550 F to 1700 F due to the 
equiaxed nature of the material's grain structure (see the photo-
micrographs at 1550 F and 1700 F). From fabrication temperatures of 
1700 F to 2000 F, the transverse values of n are less than the 
69 
longitudinal values due to mechanical fibering anisotropy in the 
longitudinal direction. 
Cold Work-Hot Work Material 
Figure 10 shows that in a fabrication range of 800 F to 1^00 F, 
the strain hardening exponent values of both the transverse and the 
longitudinal specimens have approximately the same values in contrast 
to the hot work material in the same temperature range (Figure 9)• 
The cold work-hot work material is probably more work hardened in the 
transverse direction due to the cold rolling. At 1^00 F, the strain 
hardening exponent of the transverse specimens is greater than that 
of the longitudinal specimens because there are less ferrite grain 
boundaries in the transverse direction. In the temperature range 
of 1550 F to 1700 F, the strain hardening exponent values of the trans-
verse and longitudinal specimens are approximately equal due to the 
equiaxed nature of the material's grain structure. For longitudinal 
specimens 3 the cold work-hot work specimens have exponent values 
which are lower than those of the hot work material in the fabrication 
range of 800 F to 12^0 F. This is expected since the material has 
been preliminary cold worked. At approximately 1300 F, preliminary 
cold rolling seems to lose its effect due to recovery, and the values 
of n for both the longitudinal cold work-hot work and hot work 
materials are approximately the same in the fabrication range of 
1300 F to 1500 F. At 1550 F the strain hardening exponent for the cold 
work-hot work longitudinal specimens is less than the exponent for the 
longitudinal hot work specimens. This is probably due to less 
70 
precipitation hardening particles in the cold work-hot work micro-
structure. 
Strength Coefficient 
The strength coefficient (K) of the hot work material is plotted 
against the fabrication temperature in Figure 11. The strength 
coefficient of the cold work-hot work material is also shown in Figure 
12. It should be pointed out here that large values of strength 
coefficients are an indication of strong microstructures. 
Hot Work Material 
In Figure 11, the strength coefficient decreases from a 
fabrication temperature of 800 F to an approximate temperature of 
lU00°F (1250°F for the transverse specimens). The microstructures of 
this material lose its strengthening effects due to decreasing 
dislocation densities with increasing fabrication temperature. In a 
temperature range of lU00°F to 1500°F, the strength coefficient 
increases as a possible result of precipitation hardening effects. 
From temperature values of 1550 F to 2000 F, the values of K decrease 
as a result of increasing ferrite grain growth (see discussion on 
ferrite mean intercept diameter). In a temperature range of 800 F 
to 1^00°F, the values of K for the transverse specimens are less than 
those for the longitudinal specimens. The microstructure in this 
fabrication range probably has less dislocation densities in the 
transverse direction than in the longitudinal direction. For temper-
atures of 1^00°F to 1700°F, the values of K for both the transverse 
and longitudinal specimens are approximately equal due to the 
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equiaxed nature of the material's microstructure (see the photo-
micrographs at 1^00°F, 1550 F, and 1700°F). From fabrication 
temperatures of 1700 F to 2000 F, the transverse K values decrease 
from the K values of the longitudinal specimens because there is 
probably mechanical fibering anisotropy in the longitudinal direction. 
Cold Work-Hot Work Material 
From Figure 12, it is seen that the transverse strength 
coefficient values are not much different from those of the longi-
tudinal specimens. In the temperature range of 800 F to 1100°F, the 
strength coefficients of the hot work material (Figure 11) and the 
cold work-hot work material are approximately the same. At 1250 F, 
the strength coefficient values of the cold work-hot work longitudinal 
specimens are considerably lower than the values of the hot work 
longitudinal specimens, and preliminary cold rolling seems to have 
lost its effect. In the temperature range of ll+00 F to 2000°F, the 
strength values of the cold work-hot work material are less than the 
values of the hot work material. This is probably due to less 
precipitation hardening particles in the cold work-hot work micro-
structure than there are in the hot work microstructure. 
Per Cent Elongation (Ductility) 
The total per cent elongation (ductility) of the hot work 
material is plotted against the fabrication temperature in Figure 13• 
The per cent elongation of the cold work-hot work material is also 
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Hot Work Material 
The per cent elongation (ductility) in Figure 13 increases in 
the fabrication range of 800 F to approximately 1600 F as a result 
of decreasing dislocation density in the microstructure with 
increasing fabrication temperature. As the fabrication temperature 
is increased beyond 1600 F, the ductility appears to decrease with 
increasing grain size (see discussion on ferrite mean intercept 
diameter). The transverse specimens have lower elongation values than 
those of the longitudinal specimens because there are fewer grain 
boundaries in the transverse direction. 
Cold Work-Hot Work Material 
Figure ik indicates that the ductility of the cold work-hot work 
material has the same behavior as the ductility of the hot work material 
(Figure 13)• Preliminary cold working appears to have little effect 
on the ductility of X-60 steel. Ductility seems to be more dependent 
on fabrication temperature. 
V-Notch Charpy Transition Temperature 
The V-notch Charpy transition temperatures of the hot work 
material are plotted against the fabrication temperatures in Figure 
15. The Charpy transition temperatures of the cold work-hot work 
material are also shown in Figure 15• 
• 
Hot Work Material 
In a fabrication temperature range of 800 F to 1250 F, Figure 
15 shows that the transition temperature of the hot work material is 
unusually high because of the work hardening effects and the large 
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Figure 15. V-Notch Charpy Transition Temperature as a 
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As the fabrication temperature decreases to 1550 F, the transition 
temperature reaches a minimum as a result of a finer grain structure 
and of the disappearance of the work hardening effects. Increasing 
the fabrication temperature above 1550 F yields larger grain 
structures resulting in a decrease in the Charpy transition temper-
ature . 
Cold Work-Hot Work Material 
In a fabrication temperature range of 950 F to 1^00 F, 
Figure 15 shows that the Charpy transition temperatures of the cold 
work-hot work material are less than the transition temperatures of 
the hot work material in the same temperature range. It appears 
that preliminary cold rolling improves the energy absorbing capacity 
of the steel especially at a fabrication temperature of 1̂ +00 F. 
At a fabrication temperature of 1550 F, the transition temperature is 
a minimum and is slightly higher than the corresponding hot work 
material. 
Ferrite Orientation Factor 
The ferrite orientation factor of the hot work material is 
plotted against the fabrication temperature in Figure 16. The 
ferrite orientation factor of the cold work-hot work material is 
also shown in Figure 16. 
Hot Work Material 
The ferrite orientation factor of the hot work material in 
Figure 16 has high values in the temperature range of 800 F to 1^00 F 
This is expected since the grains are elongated by work hardening 
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effects in the rolling direction. At fahrication temperatures above 
1400 F, the grains lose their work hardening effects and tend to 
become more equiaxed, thus resulting in lower ferrite orientation 
factor values. 
Cold Work-Hot Work Material 
Figure l6 shows that the behavior of the ferrite orientation 
factor of the cold work-hot work material is approximately the same as 
that of the hot work material. In the temperature range of 800 F to 
1200 F, the orientation factors are equal to or more than the factors 
for the hot work material. At approximately 1200 F, the cold work-
hot work material seems to lose its cold work effects due to recovery, 
and the material has orientation factor values less than those for the 
hot work material in the fabrication temperature range of 1200 F to 
o o 
1550 F. At 1550 F, the orientation factor values for both the hot 
work and the cold work-hot work materials have approximately the same 
values due to the small and equiaxed microstrueture of both materials. 
Ferrite Mean Intercept Diameter 
The ferrite mean intercept diameter of the hot work material 
is plotted against the fabrication temperature in Figure 17. The 
ferrite mean intercept diameter of the cold work-hot work material 
is also shown in Figure 17. 
Hot Work Material 
In a fabrication temperature range of 800 F to 1250 F, Figure 
17 shows that the ferrite grain diameter of the hot work material is 
1 o o 
relatively constant. From 1400 F to 1550 F, the material is heated 
in the ferrite-austenite region, and the ferrite has little time for 
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grain growth. The ferrite grain diameter is therefore considerably 
smaller. In the temperature range of 1550 F to 1700 F, the ferrite 
grain diameter increases considerably due to the increased ferrite 
growth time. From 1700°F to 2000 F, the ferrite diameter decreases 
somewhat. 
Cold Work-Hot Work Material 
From a fabrication temperature range of 800 F to 1350 F, 
Figure 17 shows that preliminary cold rolling produces larger ferrite 
grain diameters than those of the hot work material. As the fabrication 
temperature increases beyond 1350 F, the grain diameter values tend 
to become smaller as compared to those of the hot work material. 
This phenomenon is due to the slower rate of ferrite recrystallization 
which is caused by preliminary cold rolling. 
Comparison of Results 
Mechanical properties of both the hot work material and the cold 
. o o 
work-hot work material in a fabrication range of 1400 F to 1700 F 
are compared in Figures 18 to 21. These properties of the mill 
material are also shown in these figures. The fabrication temperature 
range of 1400 F to 1700 F was chosen for the comparison because it was 
observed that the strain hardening exponent (Figures 9 and 10) and 
ductility (Figures 13 and 14) both had its highest values in this 
temperature range. This temperature range also corresponded to the 
lowest values of the Charpy transition temperature (Figure 15) • The 
bars at each fabrication treatment, shown in Figures 18 to 21, 
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applicable. 
The lower yield strength is shown in Figure 18(a). The hot 
work material at 1^00 F shows the largest values of lower yield stress 
while the hot work material at 1550 F shows slightly lower values. 
The lower yield strength at 1550 F hot work fabrication is 5j000 to 
6,000 psi more than the lower yield strength of the material in the 
mill condition. The ultimate yield strength, which is also shown 
in Figure 18(b), has its maximum values when the X-60 steel is in the 
mill condition. 
The strain hardening exponent (n) is shown in Figure 19. 
The values of the strain hardening exponent at 1550 F hot work 
fabrication is a maximum and has an increase of approximately 0.03 
over those values for the mill condition. 
The hot work treatment at 1550 F yields large values of the 
strength coefficient as shown in Figure 20. Although larger values 
of the strength coefficient result at fabrication processes below 
lU00°F, the strength coefficient values at 1550 F hot work 
fabrication are a maximum for the temperature range indicated in the 
figure. These are approximately 3,000 to ̂ ,000 psi more than values 
for the mill condition. 
Figure 21(a) shows that the 15 ft-lb Charpy transition 
temperature at 1550 F hot work fabrication is a minimum at -122 F. 
The Charpy transition temperature of the mill material is +9 F. 
Figure 21(b) also shows that the ductility is a maximum at 1550 F 
hot work fabrication and that it is improved by 6 to 8 per cent 
when compared to the material in the mill condition. 
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It is seen from the figures that the hot work material 
fabricated at 1550 F yields the optimum combination of mechanical 
properties when this material is compared to the material in the mill 
condition. These figures also indicate that preliminary cold 
working is not beneficial to yielding an optimum combination of 
mechanical properties. 
Photomicrographs 
Some microstructures of the X-60 hot work materials are shown 
in this section of the text. In Figure 22 the material fabricated at 
950 F is shown. The work hardening effects are evident because of 
the elongated grain structures in the rolling direction. Figure 23 
shows a fine microstructure with many pearlite grains orientated in the 
rolling direction. This material was fabricated at a temperature of 
1^00 F which was probably close to the eutectoid temperature. It can 
be concluded that this microstructure is a result of an isoforming 
process. In Figure 2k the material was fabricated at 1550 F 
resulting in a fine equiaxed grain structure. The ferrite grains had 
little time to grow which indicates that this material was fabricated 
near the austenite-ferrite transformation temperature. Figure 25 
shows the material fabricated at 1700 F. This temperature was above the 
transformation temperature, and thus larger ferrite grains resulted. 
In Figure 26 the material fabricated at 2000 F is shown. The large 
ferrite grain structure is the result of a longer recrystallization 
process. 
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Figure 22. Photomicrograph of the Hot Work Material at 





Figure 23, Photomicrograph of the Hot Work Material at 
1400°F Fabrication, Magnification 400x. 
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Figure 24. Photomicrograph of the Hot Work Material at 
1550°F Fabrication, Magnification 400x. 
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Figure 25. Photomicrograph of the Hot Work Material at 
1700°F Fabrication, Magnification 400x. 
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Figure 26. Photomicrograph of the Hot Work Material at 





It is concluded from the results that the hot work material 
fabricated at 1550 F gives an optimum combination of mechanical 
properties when these properties are compared to the mechanical 
properties of the material in the mill conditions. The mill condition 
can be thought of as representing the usual heat treatment of X-60 
steel when it is prepared for commercial use. The 1550 F hot work 
fabrication of the X-60 steel yields the maximum possible values of 
both the strain hardening exponent and the total per cent elongation 
(ductility). The Charpy transition temperature has its lowest 
possible value at the 1550 F hot work fabrication. Both the lower 
yield strength and the strength coefficient at the 1550 F hot work 
fabrication show higher values than those values of the mill material. 
Thus hot rolling at 1550 F (high temperature thermomechanical 
treatment - HTTMT) is the appropriate fabrication treatment for X-60 
steel. 
It is concluded that preliminary cold rolling (preliminary 
thermomechanical treatment - PTMl) of the X-60 steel is not beneficial 
to yielding an optimum combination of mechanical properties. It was 
observed in the discussion for some of the mechanical properties of 
the cold work-hot work material that preliminary cold rolling seems 
to lose its effect in the approximate fabrication temperature range 
of 1200°F to 1300°F. 
It is also concluded that the Hall-Petch relationship seems 
to apply for both the hot work and the cold work-hot work X-60 
steel. Linear regression analysis indicated that there is a 
i 
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